Bridged diarenes form very strong [1:1] complexes with nitrosonium/nitric oxide in which the NO moiety is optimally sandwiched in the cleft between a pair of cofacial aromatic rings which act as a molecular "Venus flytrap". The spectral features of these associates are generally similar to those for [1:1] and [2:1] nitrosonium complexes with mononuclear alkyl-substituted benzenes, and they are appropriately described within the LCAO molecular-orbital methodology and the Mulliken (charge-transfer) formulation of donor/acceptor electronic transitions. The thermodynamics study indicates that the efficient binding is determined by (i) the close matching of the donor/acceptor redox potentials and (ii) the ability of bridged diarenes for multicentered interactions with a single NO moiety. The best fit of the electronic and structural parameters is provided by a calixarene host that allows the interacting centers to be arranged in a manner similar to those extant in [2:1] nitrosonium complexes with analogous (nonbridged) aromatic donors; this results in its very strong noncovalent binding with nitrosonium/nitric oxide with the formation constant of KB ≈ 10 8 M -1 and free-energy change of −ΔG° = 45 kJ mol -1 . Such strong, selective, and reversible bindings of nitrosonium/nitric oxide by (cofacial) aromatic centers thus provide the basis for the development of efficient NO sensors/absorbents and also suggest their potential relevance to biochemical systems.
Introduction
Supramolecular associations via the noncovalent bonding of various guests to different hosts have drawn increased attention due to their role in molecular recognition, transport, catalysis, sensors, and other nanomolecular devices. 1,2 Such relatively weak bindings generally depend on electrostatic and hydrophobic forces, hydrogen-bond formation, and charge-transfer interactions in which the activation barriers for intermolecular association are essentially nil; as a result, a host capable of multicenter interactions with the guest is often required to ensure maximum selectivity/sensitivity. To consider the latter in the design of supramolecular receptors based on chargetransfer interactions, we now turn to different aromatic hosts for appropriate coordination sites (and their optimal arrangement) to bind various nitrogen oxide guests.
The importance of nitric oxide (NO • ) in a variety of biochemical systems has resulted in a growing interest in the kinetics/thermodynamics of binding and release of this small paramagnetic molecule and of its oxidized form, the nitrosonium cation (NO + ). 3 However, most of the studies heretofore have dealt with transition-metal complexes while the question of the reversible, specific, and efficient binding of NO • by organic receptors generally remains open. 4, 5 A suitable entry into this problem was revealed by studies of [1:1] nitrosonium/arene (charge-transfer) complexes [ArH,NO] + , 6,7 which showed complete electron delocalization in intermolecular complexes in the half-sandwich structure I (Chart 1) due to strong electronic donor/acceptor interactions. 7b Thus, they are formed (barrierless) either by the binding of nitrosonium cation with various aromatic donors (as delineated by KCT) or by nitric oxide with the corresponding aromatic cation radical (as delineated by Ket) in a set of reversible (coupled) equilibria where the overall equilibrium constant is KET = KCTKet and the Nernst relationship defines the overall free-energy change: ΔGET = F(E°ox − E°red). 7, 8 Moreover, the corresponding [2:1] complexes [(ArH)2,NO + ] were recently found at very high arene concentrations, and X-ray crystallography reveals their overall sandwich structure II with the NO moiety interacting with two cofacial arene rings, as illustrated in Chart 1. 9 Chart 1 Thus, aromatic compounds in which the ability for noncovalent bonding has already been used in the development of a variety of supramolecular hosts 10 appear to be suitable coordinating sites for the binding of nitric oxide/nitrosonium, and the inter-rim connection of several arene groups with a molecular bridge will optimize the chelate effect for effective host/guest interaction. This study was undertaken to clarify the spectral properties of nitrosonium complexes with polynuclear aromatic donors and, most importantly, to determine the structural and electronic factors that control the intermolecular binding. 11 The donor ability of the polynuclear (bridged diarene) donors in Chart 2was modulated by different numbers of methyl substituents and by varying the dihedral angle φ, in which φ varies from ∼120° in the dihydroanthracene analogue MEA, φ ≈ 60° for the stilbene derivatives ST1−4, and φ ≈ 0° for the 1,3-alternate calixarene CAL. 
Results
The bridged (cofacial) diarenes used in this and related studies 11 were conveniently synthesized in high yields utilizing the palladium-catalyzed cross coupling of readily available 1,2 -dibromoalkenes with the desired Grignard reagent, e.g. which is based on a versatile process originally described by Kochi and co-workers 12 ( for additional details see the Experimental Section). (red-to-violet) colorations. Spectrophotometric analysis revealed the appearance of a pair of absorption bands ( Figure 1 ) with energies similar to those previously observed in cationic nitrosonium complexes with mononuclear alkylbenzenes. 7, 9 Two spectral features shown in Figure 1 are especially noteworthy. First, more or less invariant (high-energy) bands were observed in the region λmax = 340−350 nm. By contrast, the bathochromic shift of the low energy band from λmax = 456 nm (ST3), to 535 nm (ST2), and to 590 nm (ST1) as observed in ( Figure 1A) paralleled the increasing donor strengths of the aromatic moieties (see the trend of the oxidation potentials in Table   1 ). 13 Second, the relative (absorbance) intensity of the high and low energy bands in ( Figure 1B ) depended on the donor structure and on the relative concentrations of NO + /diarene. For solutions of the stilbenoidsST1−ST4 containing a large excess of nitrosonium cation (see the dashed spectra in Figure 2 ), the bands near 340 nm were more intense than those at 500−600 nm (these spectra were quite similar to those previously observed 7 in [1:1] nitrosonium complexes with monoarenes [ArH,NO] + ). With increasing concentrations of the diarenes, the absorbance in the 450−550 nm region (A500) grew faster than that in the 330−350 nm region (A340). 14 Moreover, when the relative concentrations of the reagents were within the range 1 /2[NO + ]0 ≤ [Ar2]0 ≤ [NO + ]0, the opposite trend in absorbance changes near 500 and 340 nm was observed with increasing diarene concentrations (with a clear isobestic point established in Figure 2 ). Finally, when the diarene concentration was higher than the nitrosonium concentration
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, the shape of spectra remained rather invariant with further additions of diarene donor (or with temperature variation). As such, the A340/A500 ratio dropped sharply with increasing diarene concentrations from A340/A500 ≈ 7 at [Ar2] ≪ [NO + ] to A340/A500 ≈ 1 (when the NO + and diarene concentrations became nearly equimolar), and then the absorbance ratio remained more or less constant ( Figure 3 ). For dichloromethane solutions containing the diarene donors MEA and CAL, the spectral characteristics observed upon changing the relative concentrations of the reagents differed from those obtained with the stilbenoid donors ST1−ST4. For example, the decreased (relative) intensity of the high energy band (A340/A500) with increasing concentrations of the diarene was not as precipitous for the MEA/NO + system as that observed with the stilbenoids (see the slopes in Figure 3 ). By strong contrast, the spectra of the CAL/NO + system contained only a single (intense) band at λ = 538 nm (Figure 1 ), and its shape ( Figure 3 ) did not vary with the relative amounts of the reagents (at all concentrations studied).
Since the oxidation potentials of the diarenes (Table 1) are lower than the reduction potential of nitrosonium, 8 their oxidation to the corresponding cation radicals is energetically favorable, and electron transfer was expected to be facile. However, the UV−vis spectra of diarene mixtures with NO + (contained in tightly closed cuvettes) revealed no signs of the presence of cation radicals, 15 and the systems were ESR silent. Moreover, when nitric oxide was deliberately bubbled into solutions of the diarene cation-radical (e.g., CAL •+ and ST4 •+ prepared in situ by the oxidation with PbO2), the spectral bands of the cation-radicals immediately disappeared, and the spectrum of the resulting solution was the same as that formed by the interaction of nitrosonium and the bridged diarene (in excess).
II. X-ray Crystallography of Diarene Associates with Nitrosonium Acceptor
Spectral characteristics shown in Figures 1 and 2 indicated that (at least) two new species resulted from the interaction of diarenes with nitrosonium. To structurally elucidate these spectral changes, single crystals were grown by the slow diffusion of hexane into dichloromethane solutions containing various amounts of both reagents (see the Experimental Section for details), as follows:
(A) In solutions containing excess diarene, X-ray crystallographic analysis showed that [1:1] complexes of diarene and nitrosonium were formed. In these associates (see Figures 4A and 5A ), the NO moiety lies within the narrow cleft formed by a pair of cofacial aromatic rings (see structure III in Chart 3). Selected distances and angles characterizing these complexes are presented in Table 2 . Chart 3 Figure 4A . With increasing cofacial orientation of the phenyl moieties (e.g., Figure 5A ), the distance from the (bent) NO to the benzenoid chromophore is increased in stilbenoids ST1−4, but the (parallel) distance to the second ring decreased significantly (see Table 2 ). In Complexation of NO + led to significant lengthening of the N−O bonds to lie in the range d = 1.09−1.12 Å, which is intermediate between that of the reduced nitric oxide (1.15 Å) and that of uncomplexed NO + (1.06 Å). 7 We interpret such an N−O bond elongation as diagnostic of extensive electron delocalization between the arene donor and the nitrosonium acceptor, and this conclusion is confirmed by IR spectroscopy. Thus, the energies of the N−O stretching vibrations (Table 1) , which are diagnostic of the charge residing on the N−O moiety, 7 are much closer to that of the reduced nitric oxide (1876 cm -1 ) than to that of uncomplexed NO + (2272 cm -1 ), 7 to indicate a substantial degree of charge transfer from the aromatic donor to the nitrosonium acceptor.
(B) X-ray structure analysis of crystals obtained from cooled dichloromethane solutions containing a large excess of the nitrosonium salt indicated that another type of complex was formed. In these compounds, two nitrosonium cations are bonded to a single diarene donor, with each aromatic ring coordinating one NO group (see Figures 4B and 5B). The position of the nitrosonium cation relative to aromatic rings differed depending on the diarene used (see Ar2 structures IVa and IVb in Chart 3). In the case of MEA (characterized by the largest dihedral angle φ between the aromatic moieties), one of the NO was located inside and the other outside the diarene cleft ( Figure 4B ). In the complexes with more cofacial aromatic rings, both nitrosonium moieties were located outside the cleft. The structural characteristics of these complexes are also presented in the Table 2 . Most interestingly, the calixarene donor yielded only complexes in which the NO group was situated between two benzene rings (see structure III), despite all efforts to obtain type IVaand IVb complexes.
III. Spectral and Structural Identification of Different Types of Nitrosonium Complexes with Bridged Diarenes. Equilibrium Constants for Their Formation
X-ray crystallographic analysis indicated that basically two types of nitrosonium complexes with bridged diarenes (Ar2) were formed. One of them is the complex in which the NO moiety is situated within the diarene cleft and is bonded to two aromatic rings, and such complexes containing a bis-coordinated nitrosonium will be hereafter designated as [Ar2,NO] + . Structurally, these complexes are reminiscent of the [2:1] complexes of nitrosonium with monoarenes (see structure II in Chart 1). 9 Importantly, solid-state electronic spectroscopy (see Figure S1 in the Supporting Information)
indicates that bridged diarene complexes with bis-coordinated nitrosonium are characterized by a high (relative) intensity of the low-energy band (which is also characteristic of where KB is the association constant of the diarene donor. Under these conditions, the spectral shape was not affected by either a change in the relative concentration of the reagents (vide supra) or decreasing temperature (from +20 °C to −75 °C) and the absorption intensity depended linearly on the nitrosonium concentration. These observations are consistent with the conclusion that (i) only one type of complex determines the solution absorption, Since X-ray crystallographic analysis indicated that two nitrosonium cations are coordinated to the diarene (with each nitrosonium being connected only to one aromatic ring), the acceptor in such complexes will hereinafter be described as monocoordinated nitrosonium and the complex will be designated as: [Ar2,(NO)2] 2+ . In addition to the process described by eq 2, there is also the possibility of complex formation in which one nitrosonium is coordinated to one aromatic ring of the diarene (eq 3), and this process will prevail in solutions containing a large excess of nitrosonium salt.
These experimental results indicate that the molecular (X-ray) and electronic (UV−vis) structures of both (aromatic 
Discussion
To elucidate the specific nitrosonium complexes of various bridged diarenes and the thermodynamics of their formation, let us first consider their diagnostic optical spectra in the light of the analogous characteristics of nitrosonium complexes with monoarenes that were examined previously.
I. Electronic Structure and Optical Transitions in Nitrosonium
Complexes with Bridged Diarenes. Spectral characteristics of diarene complexes with mono-and bis-coordinated nitrosonium can be theoretically elucidated with the aid of the semiempirical LCAO molecular orbital methodology that was successfully applied previously to Figure 6 (see the Supporting Information for details). 17 The intense high-energy band (νH m ) corresponds to the transition from the bonding-to-antibonding molecular orbitals shown in Figure 6A . The second, low energy band (νL m ) recognizes the fact that the arene HOMO is degenerate. Due to symmetry reasons, the second HOMO does not strongly interact with NO + , and the spectral intensity of the electronic transition from the noninteracting to antibonding orbital (νL m ) is relatively low. 7 (Table 1) .
The ratio of the intensities of the high to low energy bands is closely related to the dihedral angle φ between the aromatic rings the increase of φ being accompanied by a corresponding increase in the relative intensity of the high-energy band as seen in Figure 7 . This leads to the conclusion that two symmetry-related factors determine the Table 2 ). Thus, in [CAL,NO] + , the nitrosonium is situated between nearly parallel aromatic rings with the same nitrosonium-to-ring separations. Accordingly, the chromophore is practically centrosymmetric, the bonding-to-antibonding transition is forbidden, and the intensity of the high energy band is negligible. The angular increase between the aromatic rings) in ST1−ST3 and MEA results in the distortion of the chromophore symmetry and in the intensity increase of νH b . and this requirement is satisfied by the bridged diarenes in Table 1 . Since Figure 8 shows that the free-energy gain upon complex formation is much higher with diarenes than those with monoarenes of comparable E°ox, it is clear that structural factors must also be evaluated.
Previously published results indicate that the presence of bulky aromatic substituents (which prevent the optimal approach of nitrosonium to the donor) decreases the efficiency of the arene/nitrosonium complexation. 7 Diarenes provide aromatic moieties that are efficient for coordination, but in order to maximize the chelating effect the multidentate ligand must also be organized in such a way that the coordinating (NO) center is encapsulated with minimal (distortional) penalty. We thus note that NO lies within the undistorted calixarene complex [CAL,NO] + equidistant from the cofacial aromatic planes at an distance of d = 2.55 Å. Such a distance is close to those established by the X-ray structures of the [2:1] complexes of toluene (d= 2.5 Å) and o-xylene (d = 2.6 Å), 9 where the arrangement of both donors is not restricted by the connecting bridge or steric hindrance. Thus, the relatively flexible structure of calixarene allows a nearly optimal arrangement of coordinating sites, and as a result, CAL forms the most stable NO complex (Table 1 ). In the other diarene complexes, the dihedral angle φ is not optimum and the two distances are nonequivalent, indicating that the second bond provides some additional free-energy gain, but the Table 2 .) Therefore, complexes of these diarenes with nitrosonium are weaker, as illustrated in Figure 9 . Figure 9 Dependence of free-energy change for complex formation on the dihedral angle φ between aromatic ring planes in diarene complexes [Ar2,NO] + .
The nearly ideal fit of the bridged diarenes to the NO/NO + requirements (both from the electronic and structural points of view) ensure the specific molecular recognition of the guest by the cofacial aromatic host, 26 as well as their strong noncovalent binding with free-energy gains of up to 45 kJ/mol). Since the oxidation potentials of diarenes are close to the reduction potential of nitrosonium, nearly the same free energy gain takes place at complex formation starting from either the nitrosonium/diarene dyad or the nitric oxide/cation radical dyad. Selective (tight) binding, together with the distinctive and intense coloration of resulting complexes, allows an NO sensor to be designed on the basis of the coupled equilibria in eq 4. For example, colorless (dichloromethane) solutions of either CAL or ST4 with some added oxidant (e.g., PbO2 or Et3OSbCl6) persist unchanged for prolonged periods. 11d,27 However, immediately upon the exposure to nitric oxide (gas), the colorless solutions take on an intense purple coloration ( Figure S2A in the Supporting Information) diagnostic of the diarene complexes ( Figure S3 in the Supporting Information). The same color change is observed in the solid state with a mull prepared as an intimate mixture of CAL and PbO2. Exposure of such a coated (pale gray) alumina plate to nitric oxide produces the dramatic color change ( Figure S2B in the Supporting Information) that is completely reversible simply by NO entrainment with a mild air stream or upon evacuation.
Summary and Conclusion
Cofacial (polynuclear) aromatic compounds form strong and highly colored complexes with nitrosonium in which the acceptor is coordinated to one or two aromatic rings (depending on the reactants ratio). The spectral features of such complexes are described by the same LCAO molecular orbital methodology used for the 
Experimental Section
Materials. Nitrosonium hexachloroantimonate was prepared from SbCl5 and NOCl according to the literature procedure. 7a Hexamethylbenzene was purified by repeated recrystallization from ethanol. The synthesis of the stilbenoids ST1−ST4 and the 1,3-alternate conformer of tert-butylcalix[4]arene methyl ether were described previously 12,15b,28 The permethylated 9,10-dihydro-9,10-ethanoanthracene 29a donor MEA was obtained by repeated bromomethylation 29b followed by hydrodebromination with lithium aluminum hydride: yield 92%; mp 211−213 °C; 1 H NMR (CDCl3) δ 1.79 (br s, 4H), 2.28 (s, 12H), 2.49 (s, 12H), 5.11 (s, 2H); 13 C NMR (CDCl3) δ 15.5, 16.7, 25.6, 36.9, 127.4, 131.7, 140 (Table 1) . The spectral data in Table 1 The equilibrium constants KB in Table 1 The ratio of equilibrium concentrations of the complexes with di-arene and mono-arene was determined by the product of ratios of the corresponding equilibrium constants and the equilibrium concentration of donors in solution.
Therefore, KB is expressed as in eq 6 (see the Supporting Information for details)
where C 0 , [Ar2] 0 , and [ArH] 0 were initial concentrations of nitrosonium, diarene, and hexamethylbensene, respectively, and ΔC = ΔAλ/Δελ (where Δελ is the difference of extinction coefficients of nitrosonium ions complexes with donors Ar2 and ArH at wavelength λ). Thus, KB in Table 1 Table 1 ) and to one aromatic ring (with spectral characteristics similar to those in [1:1] complexes with monoarene), i.e., A λ = CbeB λ + CmeM λ , where A λ was the absorption at wavelength λ and Cb, Cm, εB λ , and εM λ were concentrations and extinction coefficients (at wavelength λ) of complexes with bis-and mono-coordinated nitrosonium, respectively. Thus, the concentration of the different types of complexes (and therefore the equilibrium constant of their formation) can be determined from the multiwavelength analysis of the spectra obtained at different ratios of reactants (similar to the procedure used for the calculation of the corresponding parameters in between the experimental and the calculated values of A340/A500 at different arene concentrations (by variation of these parameters as previously described for [2:1] complexes with monoarenes 9 ) very unreliable. Therefore, to estimate the equilibrium constant for mono-coordination of nitrosonium to the diarene, we assumed that the coordination of the two nitrosonium to two aromatic rings are independent: (a) the equilibrium constant for the mono-coordination of the first nitrosonium to the aromatic ring (KM) is equal to the equilibrium constant for monocoordination of nitrosonium to the second aromatic ring of the complex (formed at first stage), and the equilibrium constant of process in eq 3 is KM 2 ; and (b) the extinction coefficients of both (NO/ring) fragments in the complex were equal to half of the extinction coefficient for [Ar2, (NO)] 2+ and did not depend on the coordination of the nitrosonium to the other fragment. Then, the ratio of the absorption A340/A500 could be expressed as (see the Supporting
Information for details):
Thus, the spectral characteristics and formation constants of [Ar2,(NO)] 2+ (KB, εB 340 , and εB 500 ) determined independently in the solutions with excess diarene (vida supra) and the ratio εM 340 /εM 500 determined at [NO + ]0 ≫ [Ar2]0 (this ratio was nearly constant) allowed us to estimate the value of KM ≈ (3/10) × 10 5 M -1 for complexes with stilbenoids and MEA from the dependence of A340/A500 on concentration of Ar2 (Figure 3 ). The spectral characteristics of nitrosonium/CALsolutions corresponded to the spectrum of [CAL,NO] + at all concentrations of reagents, and the ratio of KM/KB was too low and precluded accurate estimates of KM to be made.
